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Methods

Study Patients
The study was conducted prospectively from October 2000 to August 2001 in 10 hypertensive patients (8 men, 2 women; mean age 56±7 years, range 44-63 years) with LV hypertrophy (end-diastolic LV posterior wall thickness ≥12 mm) and 10 normal controls (7 men, 3 women; mean age 54±5 years, range 46-68 years) who underwent Doppler echocardiography for clinical purposes, but who proved not to have cardiovascular disease. All hypertensive patients had their blood pressure controlled by antihypertensive medication, including diuretics, -blockers, calcium channel antagonists, angiotensin-converting enzyme inhibitors and/or angiotensin II receptor blockers. All patients were asymptomatic and had no evidence of LV systolic dysfunction or regional asynergy on 2-dimensional (D) echocardiography.
The controls had presented with various complaints, including chest pain, dyspnea, heart murmurs, and arrhythmia, and were evaluated by phonocardiography, routine echocardiography, and/or cardiac catheterization as indi- . A 2-D region of interest (ROI) was set along the LV posterior wall with the reference point for angle-correction being at the center of LV contraction. The velocities at each point within the ROI were automatically angle-corrected to calculate the velocity component radial to the LV cavity. In the velocity -distance relationship (myocardial velocity profile curve) shown in the Top and Left panel, the broken lines (blue) represent the observed velocity distribution from lines X1 to Xn, and the solid lines (green) represent the angle-corrected velocity distribution for each radial direction (X1 to Xn) in the ROI. Next, the velocities of X1 to Xn were averaged along the lateral direction (Top and Right). To improve the stability and accuracy of the velocity profile measurement, the myocardial velocities after angle-correction were spatially averaged along the circumference of the LV short axis images. The lateral average of the velocity profile (orange) at the center of the ROI (line Xn/2) was obtained by taking the average of the angle-corrected velocities at the same radial distance along lines X1 to Xn. (Bottom) Actual measurement of the myocardial velocity profile using conventional (blue) and averaged (yellow) methods. EN, endocardium; EP, epicardium.
cated. None demonstrated evidence of clinically significant cardiovascular disease. None of the controls had a medical history of systemic disease such as hypertension or diabetes. The test procedures were explained in detail, and informed consent was obtained from each subject.
Study Protocol
Conventional MVP and MVG (Fig 1) TDI was performed using the commercially available Toshiba SSA-390A with a 3.75 MHz probe (Toshiba Corp, Tokyo, Japan). As previously reported, 9 the images showing the motion velocity of the LV posterior wall were superimposed on the M-mode echocardiographic image (Left and Top of Fig 1) . The maximal velocity range was established so that the motion velocity would not be saturated (-14.9 to 14.9 or -10.8 to 10.8 mm/s). The beam directions were set to be perpendicular to the LV posterior wall. As in the display of blood flow, the wall motion toward the transducer was coded as red and wall motion away from the transducer was coded as blue. Amplitudes of velocity in each direction were displayed in 200-level color intensity. The time and direction resolutions of the wall motion velocity recorded using this apparatus were approximately 2 ms and 0.4 mm, respectively. Color-coded and conventional M-mode images were both stored on magneto-optical disks. The color mode can obtain velocity information alone by switching the display mode while the image is kept frozen. Conventional mode was recorded simultaneously to identify the epicardial borders of the LV posterior wall using tissue Doppler M-mode imaging. These images were analyzed using a personal computer (Power PC 7500/100, Apple Computer Inc, Cupertino, CA, USA) and prototype software (Heart Ver 1.4.7, Toshiba Corp). Each velocity was determined from the intensity of the coded red or blue image. The positions of the endocardium and epicardium were determined on the conventional M-mode echocardiogram by manual tracing (Left and Bottom of Fig 1) .
Using tissue Doppler M-mode imaging, we manually selected several points in the LV posterior wall and interpolated between the points by using the spline function along both the endocardial and epicardial borders to extract the information about the myocardial velocities. Subsequently, the velocity data between the endocardial and epicardial borders were extracted, and the MVP between the endocardium and epicardium was obtained (Right of Fig 1) . The MVG was defined as the slope of a linear regression of the MVP along each M-mode scan line throughout the myocardium. Peak MVGs were defined as the maximum values of velocity gradient during systole and early diastole. By coding the MVG red for a positive gradient and blue for a negative gradient, we reconstructed an MVG image for each tissue Doppler image. The peak systolic and early diastolic wall motion velocity and the MVG during 3 consecutive beats were averaged. The MVP contour at the phase of the maximum MVG was compared between the controls and hypertensive group.
Averaged MVP and MVG (Fig 2) Prototype software (PowerView, Toshiba Corp) was developed to accurately quantify the 2-D color-coded transmural velocity distribution on the parasternal LV short-axis images. This software includes 2 special features. First, after setting the hypothetical center of LV contraction, the velocity data were corrected by the actual Doppler angle of incidence for each pixel in the radial direction (Top and Left, Fig 2) . A 2-D region of interest (ROI) (maximum area of 50 mm in the radial direction × 15 mm in the lateral direction) was set along the LV posterior wall with the reference point for angle-correction being at the center of LV contraction. The velocities at each point within the ROI were automatically angle-corrected to calculate the velocity component radial to the LV cavity. The radial direction is defined here as the assumed direction of motion. In the plots shown in the Top and Left panel of Fig 2, the broken lines represent the observed velocity distribution from lines X1 to Xn at 0.36 mm intervals, and the solid lines represent the angle-corrected velocity distribution for each radial direction (X1 to Xn) in the ROI. Next, the velocities of X1 to Xn were averaged along the lateral direction (Top and Right of Fig 2) . To improve the stability and accuracy of the velocity profile measurement, the myocardial velocities after angle-correction were spatially averaged along the circumference of the LV short-axis images. The velocities were not averaged in the radial direction in order to maintain the spatial resolution needed to detect the regional velocity gradient in the LV myocardium. The lateral average of the velocity profile at the center of the ROI (line Xn/2) was obtained by taking the average of the angle-corrected velocities at the same radial distance along lines X1 to Xn. The Bottom panel of Fig 2 shows the actual measurement of MVP using conventional (blue) and averaged (yellow) methods. The contour of the MVP at the phase of the maximum MVG was compared between the controls and hypertensive group, and measurements obtained by conventional methodology were compared with our methodology.
Statistical Analysis
Values are expressed as mean ± SD. Mean values in the control and hypertensive groups were compared by Student's unpaired t-test. On the MVP determined from conventional and averaged methods, Pearson's linear regression analysis was performed to show the degree of correlation between the velocity and distance from the endocardium to epicardium. The comparison of slope of the linear regression line between conventional and averaged methods in each normal and hypertensive patient was made by Student's paired t-test. The difference in correlation coefficients between conventional and averaged methods in the linear regression lines of MVP in the 10 control and 10 hypertensive patients was evaluated by a Fisher's Z transformation followed by Student's paired t-test. A p<0.05 was considered statistically significant.
Control (n=10)
Hypertensive ( 
Results
Subject Characteristics
There were no significant differences in age or heart rate between the controls and the hypertensive group (Table 1) . Systolic blood pressure was higher in the hypertensive group than in controls, and the thickness of both the enddiastolic ventricular septum and LV posterior wall was greater in the hypertensive group than in controls. The ratio of peak early diastolic to atrial systolic velocity of the transmitral flow and the percent LV fractional shortening were similar in the both groups.
MVP
Linear regression lines of the MVP in the LV posterior wall and their correlation coefficients in the 10 controls and 10 hypertensive patients are shown in Tables 2-5 . Mean systolic and early diastolic endocardial wall motion velocities were higher in controls (conventional: 8.2±1.0 cm/s and -7.9±0.9 cm/s, respectively; averaged: 8.2±0.8 cm/s and -8.0±0.8 cm/s, respectively) than in the hypertensive group (conventional: 4.2±0.8 cm/s and -4.5±0.7 cm/s, respectively; averaged: 3.9±0.9 cm/s and -4.2±0.7 cm/s, respectively) (all p<0.0001). The correlation coefficients of the linear regression line of averaged MVP in all control and hypertensive patients were higher than the conventional MVP [systolic MVP in controls ( Peak MVG Mean peak systolic and early diastolic MVGs in the LV posterior wall in controls and the hypertensive group are shown in Table 6 . The peak systolic and early diastolic MVGs calculated by the conventional and averaged methods were similar in the controls and the hypertensive group. The peak systolic and early diastolic MVGs were lower in the hypertensive group than in controls.
Assessment of Reproducibility
Interobserver variabilities of measurements of MVPs and MVGs using conventional and averaged methods (15-19% and 7-9%, respectively) were calculated as the difference in 2 measurements of the same subject by 2 different observers divided by the mean value. Intraobserver variabilities using both the methods (13-15% and 6-8%, respectively) also was calculated as the difference in 2 measurements of the same subject by a single observer divided by the mean value.
Discussion
This study demonstrates that averaged systolic and early diastolic MVP and MVG in the LV posterior wall of normal and hypertrophied hearts are superior in terms of stability and reproducibility to those recorded by conventional methodology.
Previously, regional LV systolic and diastolic function were evaluated using changes between the endocardium and epicardium on digitized M-mode images; that is myocardial thickening or thinning. 13, 14 However, this procedure has some disadvantages, such as errors of measurement because of manual tracing and the difficulty in determining the respective peak values accurately. In recent years, the widespread use of pulsed TDI has facilitated the quantitative evaluation of the LV wall motion velocity. 1, 4 Because variables obtained by pulsed TDI are not influenced by preload, [3] [4] [5] this method is now widely used in clinical settings to evaluate LV diastolic function. Previous studies using pulsed TDI have reported that systolic and early diastolic LV wall motion velocities decrease with age, even in normal subjects, 15, 16 and that they decrease further in patients with hypertrophic cardiomyopathy, even in the non-hypertrophied regions and when LV pump function is normal. 17 However, indices obtained by pulsed TDI are affected by the overall heart motion.
Therefore, Fleming et al 18 and Uematsu et al 7 attempted to evaluate LV wall motion abnormalities quantitatively using color-coded TDI that facilitates the real time and 2-D measurement of wall motion velocity. These investigators measured motion velocities of the rapidly moving endocardium and relatively slow-moving epicardium to calculate the MVG using parasternal LV short-axis images, and reported that regional myocardial function can be evaluated in greater detail using color-coded TDI. Other studies using color-coded TDI also have demonstrated that systolic and early diastolic MVG in the LV wall decrease with age, even in normal subjects, 19 and that the magnitude of the decrease in systolic and early diastolic MVG is markedly higher in patients with hypertrophic cardiomyopathy than in athletes or in patients with hypertensive hypertrophy. 20 Because color-coded TDI is minimally influenced by the overall heart motion, 7 those previous studies have emphasized that regional LV myocardial function can be evaluated accurately by color-coded TDI even when ventricular septal motion is abnormal, as it is in patients with atrial septal defects. 21 Thus, TDI provides important information for evaluating regional LV myocardial function in normal and hypertrophied hearts. Based on the hypothesis that the velocity distribution in the myocardium changes linearly, the MVG is expressed by conventional color-coded TDI as the slope of the regression line of changes in motion velocity between the endocardium and epicardium. [7] [8] [9] On the other hand, patients with hypertrophic cardiomyopathy showing nonhomogeneous abnormalities in the LV myocardium and patients with cardiac amyloidosis characterized by granular sparkling, may not have a uniform velocity distribution in the myocardium, and some studies have suggested that such findings are characteristic of the diseased myocardium. 9, 11 This new TDI procedure for obtaining an averaged MVP is characterized by the establishment of a ROI in the LV myocardium after determining the center of the LV cavity using an LV short-axis image as the reference point for angle correction. 11, 12 During systole and early diastole, a number of MVPs were generated radial to the ROI between the endocardium and epicardium by serially averaging the values in the myocardium from the endocardium to the epicardium circumferentially. This study showed that (1) the MVP recorded by this new TDI procedure is superior in terms of stability and reproducibility to values obtained by conventional TDI procedures; (2) the velocity distribution in normal and hypertensive hypertrophied LV myocardium recorded by our TDI procedure changes linearly, and its correlation coefficient is higher than that obtained by conventional TDI procedures; and (3) systolic and early diastolic MVG in the hypertensive hypertrophied myocardium is lower than that in the normal myocardium, even though the LV myocardial profile in the hypertensive hypertrophied myocardium retains its linear regression. These findings suggest that MVG can be accurately obtained by measuring the averaged MVP, and that the histologic characteristics of the hypertrophied or ischemic myocardium can be also determined by this method. [22] [23] [24] [25] 
Study Limitations
Despite the advantage of evaluating regional LV systolic and diastolic function using averaged MVP and peak MVG, TDI has intrinsic technical limitations. As in echocardiographic examination, it cannot accurately reflect wall motion velocity if the direction of the beam is perpendicular to the direction of wall motion (eg, the upper medial and upper lateral ventricular walls).
Furthermore, the center of LV contraction was determined manually by the observers' estimation in the present study, which is potentially a problem in patients with regional LV asynergy.
